INTRODUCTION {#s1}
============

Oncolytic adenoviruses hold great promise for cancer treatment since they can replicate and destroy cancer cells. However, the antitumor efficacy observed in clinical trials has been modest. The development of more potent oncolytic adenoviruses faces with a potential increase in associated-toxicities. Systemic administration is necessary for the treatment of metastatic disease, however the intravenous administration of adenovirus results in viral retention in the liver causing significant infection of hepatocytes leading to liver damage \[[@R1]\]. To improve the safety of oncolytic adenoviruses a control of the viral tropism based on tissue-specific miRNA regulation has been exploited. MicroRNAs (miRNAs) are small noncoding RNA molecules with important regulatory roles in gene expression. They act by binding to the 3′-untranslated region (3′UTR) of targeted messenger RNAs (mRNAs), promoting either mRNA cleavage or repression of gene expression at post-transcriptional level \[[@R2]\]. Nowadays, miRNA deregulation is considered a hallmark in cancer with several miRNAs described to be downregulated in a variety of tumors \[[@R3]\]. Since low expression of miRNAs with respect to normal tissue represents a common trait in some neoplastic cells, this has been exploited as a mechanism to control the adenoviral tropism \[[@R4]\]. miRNA-122 recognition of engineered target sites in the 3′UTR of the E1A gene to control its expression and prevent viral replication of the adenovirus has been the most widely exploited strategy since miR-122 is abundantly expressed in human and murine liver \[[@R5], [@R6]\]. Substantial decrease in viral replication has been reported in 4 or 8 engineered target sites for miR-122, with highly reduced hepatotoxicity \[[@R7]\]. We have recently shown that the inclusion of 8 target sites downstream E1A recognizing miR-148a/miR-152 family members efficiently detargeted adenovirus from mouse liver and normal pancreas while maintained its antitumoral activity in pancreatic tumors \[[@R8]\].

In the current work, we explored whether targeting the mRNA of structural components of the virus, expressed at the late phase of the adenoviral life cycle, would be a feasible strategy to control the adenoviral tropism. The majority of Ad5 late proteins, from L1 to L5 are encoded within the Major Late Transcription which is driven by the Major Late Promoter and are defined by distinct poly(A) sites \[[@R9]\]. The complexity of MLP regulation is not compatible to provide adenovirus with tumor selectivity through the use of tumor-specific promoters, a strategy widely studied to drive E1A. Thus, we hypothesized that the insertion of miRNA-target sites controlling L5 could provide a novel region in the adenoviral genome to be engineered to control viral replication in a tumor-selective manner.

Our data shows that miR-148a attenuates the expression of the fiber protein in cells or tissues infected with the Ad-L5-8miR148aT engineered virus. Furthermore, adenoviral replication of Ad-L5miR148aT is strongly impaired both, *in vitro* and *in vivo*, in miR-148a expressing cells and tissues, but it retained full efficacy against pancreatic xenografts. Toxicity effects associated to liver damage at earlier time points were slightly ameliorated. This work provides compelling evidences that miRNA regulation of gene expression and viral replication can be adapted to the control of structural proteins of the adenovirus.

RESULTS {#s2}
=======

MiR-148a reduces fiber gene expression and decreases Ad-L5-8miR148aT viral production {#s2_1}
-------------------------------------------------------------------------------------

We have recently shown that miR-148a can selectively control adenovirus activity when the 3′UTR of the E1A gene was genetically engineered with miRNA binding sites recognizing miR-148a \[[@R8]\]. Here, we generated a miR-148a targeted adenovirus regulating the L5 gene by insertion of 8 copies of perfect complementarity for miR-148a downstream the stop codon generating a new regulatory 3′UTR and designated as Ad-L5-8miR148aT (Fig. [1A](#F1){ref-type="fig"}). MIA PaCa-2 cells stably expressing miR-148a (MIA PaCa-2 miR-148a), or a seed-scrambled miR-148a sequence (MIA PaCa-2 miR-SC) ([Supplementary Table S1](#SD1){ref-type="supplementary-material"}) were transduced with Ad-wt or Ad-L5-8miR148aT; and the L5 protein product fiber was analyzed by western blot 72 hours later. Similar levels of fiber expression were observed in MIA PaCa-2 miR-SC transduced with either virus. However, a significant reduction in fiber content was detected in MIA PaCa-2 miR-148a that received Ad-L5-8miR148aT, suggesting a miR-148a control of fiber expression. No downregulation of fiber expression was observed in RWP-1 and PANC-1 pancreatic cancer cells that do not express miR-148a (Fig. [1C](#F1){ref-type="fig"}, [Supplementary Table S1](#SD1){ref-type="supplementary-material"}). Analysis of the E1A gene expression revealed a downregulation in E1A levels in miR-148a expressing cells at 72h after infection but not at 24h (Fig. [1B](#F1){ref-type="fig"}). The reduction in E1A at 72h in miR-148a positive cells could be the consequence of decreased viral particles production in Ad-L5-8miR148aT infected cultures. To test this hypothesis, we first analyzed the virus progeny in cellular supernatants of MIA PaCa-2 miR-148a and MIA PaCa-2 miR-SC infected with either Ad-wt or Ad-L5-8miR148aT. Both viral infective particles and viral genomes from MIA PaCa-2 miR-148a cultures infected with Ad-L5-8miR148aT were significantly lower than those treated with Ad-wt whereas no differences between the two viruses were detected in MIA PaCa-2 miR-SC infected cells (Fig. [2A, 2B](#F2){ref-type="fig"}).

![miR-148a regulates fiber expression from cells infected with Ad-L5-8miR148aT\
(A). Scheme of miRNA target sites engineered in the L5 viral gene. B, C. (Upper panels) Representative Western blots of E1A and Fiber from (B) MIA PaCa-2 miR-148a and MIA PaCa-2 miR-SC or (C) PANC-1 and RWP-1 cells infected with 50 vp/cell of Ad-wt and Ad-L5-8miR148aT for 24 and 72h. (Lower panels) Histograms representing the densitometric analysis of Fiber and E1A signals, normalized against GAPDH and expressed as relative to Fiber and E1A of Ad-wt infected cultures. Data is shown as the mean ± SEM of four independent experiments.](oncotarget-06-6179-g001){#F1}

The replication of the adenoviral genome is an event mediated by the viral DNA polymerase (E2B) that takes place earlier than the transcription of late proteins. With this view, we hypothesized that in the first round of infection the viral genomes within miR-148a rich cells would not be substantially different between Ad-wt and Ad-L5-8miR148aT since the miRNA control takes place at a late structural protein whereas, the assembly and release of viral particles would be highly impaired. The comparative analysis of intracellular and extracellular viral genomes between Ad-wt and Ad-L5-8miR148aT in miR-148a positive or negative cells revealed a reduction of viral particles only in the supernatant of miR-148a positive cells (Fig. [2C](#F2){ref-type="fig"}). The impairment of Ad-L5-8miR148aT to release viral particles in miR-148a cells was maximized when cells were exposed to consecutive rounds of infection (Fig. [2D](#F2){ref-type="fig"}). Similar reduction in the viral release was observed with the E1A miR-148a controlled adenovirus Ad-E1A-miR148aT (Fig. [2D](#F2){ref-type="fig"}).

![miR-148a regulates viral release from cells infected with Ad-L5-8miR148aT\
A, B. Quantification of viral production from supernatants obtained from cells infected with 50 vp/cell of Ad-wt and Ad-L5-8miR148aT at 72h post-infection by (A) hexon immunostaining, (B) qPCR. Data is shown as the mean ± SEM of five (A) and four (B) independent experiments. \*\* p\<0.01 and \*\*\* p\<0.001. (C). Quantification of viral production in supernatant (extracellular) and pellets (intracellular) of cells infected with 50 vp/cell of Ad-wt and Ad-L5-8miR148aT at 48h post-infection by qPCR. Data is shown as the mean ± SEM of three independent experiments. \* p\<0.05. (D). Quantification of viral production in supernatant of cells infected with Ad-wt, Ad-E1A-8miR148aT and Ad-L5-8miR148aT upon several passages by qPCR. Data is shown in arbitrary units (AU) as the mean ± SEM of four independent experiments, calculated as the 2^ΔCt^ between the miRNA-targeted viruses and Ad-wt. Differences between slopes were analyzed using *F*-test for nonlinear models \*\*\* p\<0.001.](oncotarget-06-6179-g002){#F2}

Ad-L5-8miR148aT ameliorates adenoviral-induced liver toxicity following systemic delivery {#s2_2}
-----------------------------------------------------------------------------------------

Intravenous delivery of adenovirus triggers liver-associated toxicity since the liver sequesters most of the adenoviral particles. We sought to evaluate the liver detargeting capacity of Ad-L5-8miR148aT and compared it to that of Ad-E1A-8miR148aT and Ad-wt. Viruses were injected into the tail vein at 2×10^10^ vp/mL and three days later mice were euthanized and fiber expression was analyzed in liver extracts. Fiber protein was detected in all mice injected with Ad-wt, whereas negligible expression was observed from both Ad-L5-8miR148aT and Ad-E1A-8miR148aT (Fig. [3A](#F3){ref-type="fig"}). A tendency to E1A reduced expression was observed in Ad-L5-8miR148aT whereas a strong decrease was detected in the Ad-E1A-8miR148aT treated mice (Fig. [3A](#F3){ref-type="fig"}). To further evaluate the detargeting effects of miR-148a-regulated viruses, we analyzed the mRNA content of the early gene E1A, the L3 (hexon) and L5 (fiber) gene expression in liver and pancreas, two organs in which miR-148a is expressed, and in kidney where there is no expression ([Supplementary Table S2](#SD1){ref-type="supplementary-material"}). E1A mRNA was reduced in liver and pancreas of Ad-E1A-8miR148aT treated mice when compared to Ad-wt, a tendency of reduced E1A mRNA levels was observed in Ad-L5-8miR148aT infected mice. In line with the lack of regulation in kidney, no differences in E1A expression levels between the three viruses were observed in this organ. Similar data was obtained when we analyzed hexon mRNA expression. In contrast, the content of fiber mRNA was extremely reduced in the liver and pancreas of mice treated with both Ad-L5-8miR148aT and Ad-E1A-8miR148aT as compared to Ad-wt. Again, no differences between the different viruses were observed in kidney (Fig. [3B](#F3){ref-type="fig"}).

Despite the impairment of human Ad5 to productively replicate in mice, certain level of replication has been reported in the mouse liver \[[@R7]\]. Moreover, we have recently shown that miR-148a prevents from liver and pancreas replication to Ad-E1A-8miR148aT but not to Ad-wt. We investigated whether miR-148a could attenuate Ad-L5-8miR148aT viral replication. The analysis of viral genomes in liver and pancreas was similar to Ad-wt. Reduced viral genomes were only detected in Ad-E1A-8miR148aT treated mice, in miR-148a positive tissues (Fig. [4A](#F4){ref-type="fig"}). Interestingly the analysis of infective particles produced from livers treated with Ad-E1A-8miR148aT and Ad-L5-8miR148aT was significantly reduced when compared to Ad-wt, suggesting an effective miR-148a control of Ad-L5-8miR148aT *in vivo* (Fig. [4B](#F4){ref-type="fig"}).

We next assessed the toxicity associated to a single intravenous administration of Ad-L5-8miR148aT and compared to that of Ad-wt and Ad-E1A-8miR148aT. Viruses were injected at a dose of 2×10^10^ vp/mouse and three days later animals were killed. Liver function was evaluated by measuring transaminases and total bilirubin in the sera. In the Ad-wt group there were significant elevations in AST, ALT and total bilirubin levels, which were substantially lower for the Ad-E1A-8miR148aT group. Interestingly, mice treated with Ad-L5-8miR148aT showed significant less induction of ALT, AST and bilirubin indicative of attenuated viral toxicity (Fig. [4C](#F4){ref-type="fig"}).

![Fiber expression is directly or indirectly regulated, in miR-148a positive tissues, following Ad-L5-8miR148aT or Ad-E1A-8miR148aT systemic delivery\
(A). Representative Western blots of Fiber in liver extracts from wild type mice intravenously injected with 2×10^10^ vp/mice of Ad-wt, Ad-E1A-8miR148aT and Ad-L5-8miR148aT. Quantification of Fiber signal normalized to GAPDH expression (n=10). Values are expressed relative to Fiber content from Ad-wt treated mice. \* and \*\* denote p\<0.05 and p\<0.01, respectively. (B). Relative expression of E1A, Hexon and Fiber compared to Ad-wt assessed by RT-qPCR in liver, pancreas and kidneys (n=10/treatment). \* and \*\* denote p\<0.05 and p\<0.01, respectively.](oncotarget-06-6179-g003){#F3}

![Ad-L5-8miR148aT replication is attenuated in mice liver and displays reduced hepatotoxicity following systemic delivery\
A viral dose of 2×10^10^vp of Ad-wt, Ad-E1A-8miR148aT or Ad-L5-8miR148aT was intravenously delivered to wild-type mice C57BL/6 mice (n=10). Four days later liver and blood samples were collected. (A). Relative viral replication compared to Ad-wt assessed by genomic qPCR of the L3 gene in liver, pancreas and kidneys (n=10/treatment). \* p\<0.05. (B). Viral production from livers of mice treated with Ad-wt, Ad-E1A-8miR148aT and Ad-L5-8miR148aT assessed by hexon immunostaining (n=10/treatment). \*\* p\<0.01. (C). Assessment of hepatotoxicity by the determination of AST, ALT and total bilirubin in the serum. Dashed lines correspond to the reference values for C57BL/6 mice. \*, \*\* and \*\*\* denote p\<0.05, p\<0.01 and p\<0.001, respectively.](oncotarget-06-6179-g004){#F4}

Ad-L5-8miR148aT engineered adenovirus shows similar cytotoxicity to Ad-wt and Ad-E1A-8miR-148aT and triggers strong antitumor activity {#s2_3}
--------------------------------------------------------------------------------------------------------------------------------------

To assess the antitumor activity of Ad-L5-8miR148aT, we first performed cytotoxicity assays in the pancreatic cancer cells RWP-1, PANC-1 and MIA PaCa-2 and compared to Ad-E1A-8miR-148aT and Ad-wt activity. Similar ID50 values were obtained with all three viruses in each of the cell lines, illustrating no interference from the engineered sequences in the lytic activity of Ad-L5-8miR148aT (Fig. [5A](#F5){ref-type="fig"}). Nevertheless cytotoxicity was highly impaired in the miR-148a positive cells (MIA PaCa-2 miR-148a), showing miR-148a dependency of the Ad-L5-8miR148aT lytic activity (Fig. [5B](#F5){ref-type="fig"}). Next, we analyzed the antitumor efficacy of Ad-L5-8miR148aT in three tumor models with loss of miR-148a expression: xenografts from RWP-1 cells and PDXs from patients CP13 and CP15 (Fig. [5C](#F5){ref-type="fig"}). RWP-1 subcutaneous tumors were intratumorally injected with a single dose of 5×10^10^ vp/tumor of Ad-L5-8miR148aT, Ad-E1A-8miR-148aT or Ad-wt. Treatment with the different viruses produced a significant inhibition of tumor growth that was similar for the three viruses (Fig. [5D](#F5){ref-type="fig"}). CP13 PDX subcutaneous tumors treated with a single dose of 5×10^10^ vp/tumor of Ad-L5-8miR148aT showed a significant inhibition in tumor growth and reduced tumor weight (Fig. [5E](#F5){ref-type="fig"}, [Supplementary Fig. S1A](#SD1){ref-type="supplementary-material"}) 35 days after treatment. Ad-L5-8miR148aT also induced a significant tumor growth delay and reduced tumor weight in CP15 PDX when administered either intratumorally (i.t.) or systemically (i.v.) (Fig. [5F](#F5){ref-type="fig"} and [Supplementary Fig. S1B](#SD1){ref-type="supplementary-material"}). The tumor size of Ad-L5-8miR148aT-treated groups was 2.3-fold, 2.9-fold, 3.4-fold, and 2.3-fold smaller compared to non-treated tumors in RWP-1, CP13, CP15 i.t. and CP15 i.v. models, respectively. In agreement with the *in vitro* cytotoxicity miRNA-regulated viruses did not compromise their *in vivo* antitumor effects and Ad-L5-8miR148aT showed strong antitumor activity in three tumor models.

![Ad-L5-8miR148aT shows oncolytic potency *in vitro* and strong antitumoral activity in RWP-1 xenografts and PDX models\
(A). Cytotoxicity assays in the indicated cell lines. Half growth inhibitory concentration (IC50) was calculated for each cell line from dose-response curves. Data is shown as the mean ± SEM of four independent experiments. (B). Cytotoxic effects of Ad-wt, Ad-E1A-8miR148aT and Ad-L5-8miR148aT supernatants obtained after 7 consecutives passages of amplification in MIA PaCa-2 miR-148a and MIA PaCa-2 miR-SC cells. Representative image obtained by methylene blue staining of the culture. (C). RT-qPCR expression of miR-148a from non-tumor human pancreas (n=11) and from RWP-1 xenograft (n=4) and CP13 (n=4), CP15 (n=4) PDX. (D). Follow-up of tumor volumes. RWP-1 xenografts were treated intratumorally with a single injection of 5×10^10^vp/tumor Ad-L5-8miR148aT (n=8), Ad-E1A-8miR148aT (n=8) and Ad-wt (n=8) or with saline (n=8). \*\* p\<0.01. E. Follow-up of tumor volumes. CP13 PDX were treated intratumorally with a single injection of 5×10^10^vp/tumor Ad-L5-8miR148aT (n=10) or with saline (n=10). \*\*\* p\<0.001. F. Follow-up of tumor volumes. CP15 PDX were treated intratumorally (n=12) or intravenously (n=10) with a single injection of 5×10^10^vp/tumor Ad-L5-8miR148aT or with saline (n=10). \*\*\* p\<0.001.](oncotarget-06-6179-g005){#F5}

DISCUSSION {#s3}
==========

Oncolytic adenoviral treatment for localized pancreatic tumors can be approached by retrograde intraductal adenoviral administration \[[@R10]\]. However, advanced-stage pancreatic cancer is considered a systemic disease. Consequently, treatments based on oncolytic adenoviruses will require intravenous delivery. Under these circumstances it will be necessary to circumvent undesired associated toxicities mostly related to the significant adenoviral liver uptake. Thus, strategies to develop oncolytic adenovirus with liver attenuation activity are highly desired. In the current work, we propose the downstream L5 region in the adenoviral genome, as a novel region for developing tumor-specific conditionally replicating adenovirus, by exploiting tissue-specific miRNA regulation.

L5 is the last of five cassettes of transcripts (L1-L5) in a large mRNA transcript processed into five individual mRNA families via alternative splicing and usage of different poly(A) signals \[[@R9]\]. The expression of the late mRNAs is controlled by the major late promoter. The complexity of the MLP transcriptional regulation has moved away investigators from studying tumor-specific promoter regulation of late genes to confer oncoselectivity and no separate regulation of the different late mRNAs has been assessed until now. Our data shows it is feasible to achieve oncoselectivity based on tumor deregulated miRNAs by inserting miRNA binding sites in the 3′UTR of a late gene (L5). We observed a robust suppression of the fiber protein (L5 protein product) in cells expressing miR-148a infected with Ad-L5-8miR148aT. Consequently, viral particle release and viral infectivity were reduced. This decrease in the new-formed viral particles led to a reduction in the E1A protein at 72h due to a second round of infection. Noticeably, after 7-rounds of infection the amount of viral particles in the supernatants of infected miR-148a positive cells was almost negligible, most probably as a result of accumulative reduction of viral particles in each replication cycle. In line with high miR-148a expression in the mouse liver, we observed reduced fiber protein and mRNA content in livers of mice receiving Ad-L5-8miR148aT. Consequently, the release of infected particles was highly impaired. This is consistent with the experiments carried out with fiberless adenovirus showing that the fiber protein is absolutely necessary for the production of fully infectious and correctly assembled particles \[[@R11]\]. Furthermore, low abundance of the fiber protein has been associated to low efficiency of adenoviral encapsidation \[[@R12], [@R13]\].

The infectious particles released from liver extracts had similar infectivity either if they were coming from Ad-L5-8miR148aT or Ad-E1A-8miR148aT treated animals. In contrast, we only observed a reduction in viral genomes in the livers of mice receiving Ad-E1A-8miR148aT but not in those treated with Ad-L5-8miR148aT, in line with the *in vitro* data showing only reduced viral genomes in the cellular supernatant but not intracellularly in cultures infected with Ad-L5-8miR148aT. This is not surprising since late mRNAs are processed after adenoviral genome replication. Thus, the reduced fiber content will interfere with viral particle formation. However, the similarity on viral release from both viruses suggest that miRNA control of structural or early-regulatory proteins display equivalent susceptibility of triggering strong impairment in liver viral production at long term, after multiple replication cycles. It is worth to note that the observed liver detargeting effects will not only account from miR-148a binding to the inserted target sites but also from the recognition by all the miR-148/152 family members, since miR148a, miR-148b and miR-152 can recognize miR-148a target sites and downregulate transgenes with engineered target sites \[[@R8]\].

The improvement in the hepatotoxicity of Ad-L5-8miR148aT was limited, in contrast to that achieved with the Ad-E1A-8miR148aT. This is consistent with the virus control in a late protein. In mice the toxicity peak at 3-4 days following viral administration is the result of the expression of viral proteins, immediately after viral capture, and particularly E1A expression has been reported to be the main cause of toxicity \[[@R14]\]. In this line, we have shown that on day 3 livers infected with Ad-L5-8miR148aT show reduced fiber expression but slight indirect modulation on E1A content. However, this toxicity will most probably transient since there would be minimal successive infections due to the impairment in viral release of Ad-L5-8miR148aT infective particles. Studies performed in swine, which allows productive replication of human Ad5, have shown that the liver toxicity produced by the intravenous administration of high doses of Ad5 presents an initial peak 24 hours after viral administration that drops down until a greater toxicity peak that appears at day 7 as a consequence of the viral replication dynamics \[[@R15]\]. Nevertheless, decreasing the translational capacity of E1A will be desired to complement liver-specific miRNA-mediated fiber suppression. Combined strategies controlling E1A either with tumor-specific promoters together with miRNA-engineered L5 may provide oncolytic adenoviruses with a safer profile and effective antitumor activity. An interesting feature of the current approach is the feasibility to achieve independent control of late genes, as shown by the strong downregulation of the fiber mRNA (L5) but not of the hexon mRNA (L3) after Ad-L5-8miR148aT infection of miR-148a positive tissues. This opens the possibility to similarly regulate additional structural proteins thus increasing the number of sites in the adenoviral genome susceptible to be engineered for oncoselectivity.

Nowadays, these strategies might be even more effective for tumor targeting after systemic delivery than the incorporation of mutations in the Ad5 hexon protein to abolish binding of the capsid to coagulation factor X \[[@R16], [@R17]\]. Although, such approach reduces viral sequestration and improves adenoviral liver detargeting, factor X recruitment by Ad5 acts as a defense mechanism against complement, therefore, FX ablated adenovirus would be exposed to increased attack by complement and result in suboptimal transduction of target tissues \[[@R18]\].

In this study we have focused on miR-148a, however L5-miRNA targeting could be applied to other miRNAs, such as miR-122, let-7 or miR-199, which have also shown great success in excluding gene expression from the hepatocytes in E1A-miRNA adenoviruses \[[@R5], [@R7], [@R19]-[@R21]\]. However, an interesting aspect of using miR-148a is that it has been proposed as one of the three miRNAs (together with miR-217 and miR-375) which downregulation is a signature of PDAC \[[@R22]\]. The downregulation of miR-148a initiates in early stages of pancreatic tumorigenesis, in the preneoplasic lesions PanIN-1B, -2 and -3 \[[@R23], [@R24]\]. Thus, lost of miR-148a in PDAC is a highly frequent and early event. Therefore this will assure the antitumor activity of miR-148a engineered adenoviruses in PDAC, in line with the strong antitumor effects triggered by Ad-L5-8miR148aT in RWP-1 xenografts and in CP13 and CP15 PDX models.

Therefore, these results demonstrate that engineering adenovirus with 8-miR148aT binding sites downstream the L5 adenoviral gene contributes to overcome some limitations of systemic oncolytic adenoviral delivery, such as hepatotoxicity without compromising the antitumor efficacy. Noticeable, these data provides the first example of engineering the L5 (fiber) gene to attenuate viral activity in non-tumoral tissues.

METHODS {#s4}
=======

Cells lines and tissue specimens {#s4_1}
--------------------------------

The pancreatic cell lines MIA PaCa-2, PANC-1, and HEK293 were obtained from the American Type Culture Collection (ATCC). RWP-1 cells were derived from human pancreatic adenocarcinoma biopsies perpetuated as xenograft in nude mice \[[@R25]\]. MIA PaCa-2 miR-148a and MIA PaCa-2 miR-SC cells were obtained in the laboratory as previously described \[[@R8]\]. All cells lines were maintained in Dulbecco\'s modified Eagle\'s medium supplemented with 10% fetal bovine serum (Gibco BRL, Carlsbad, CA).

Human pancreas was obtained from patients diagnosed of pancreatic ductal adenocarcinoma in Hospital Clinic of Barcelona who underwent surgical resection. All specimens were obtained according to the Institutional Review Board-approved procedures for consent. Informed consent was obtained from all subjects and all the experiments conformed to the principles set out in the WMA Declaration of Helsinki. Mouse pancreas, liver and kidney were obtained from C57BL/6 adult mice.

Generation of adenovirus controlled by miRNA target sites {#s4_2}
---------------------------------------------------------

Ad-E1A-8miR148aT has been previously described \[[@R8]\]. Ad-wt was obtained from the ATCC (Manasas, VA).

Ad-L5-8miR148aT genome was generated by the following steps: First the pXK3.1 plasmid, which contains the wild type fiber was mutated in the PolyA sequence and the overlapping STOP codon with the primer 5′-CACTTTTTCATACATTGCCCAAGAATGACTCGA GAATCGTTTGTGTTATGTTTCAACG-3′ to generate the sequence GAATGACTCGAGAA, containing a XhoI restriction site using the QuickChange Multi Site-Directed Mutagenesis kit (Stratagene, Wilmington, NC). The 3′UTR of pEndK-8miR148aT \[[@R8]\] containing the 8 binding sites for miR-148a was amplified using primers Fw 5′-CTCGAGCCCTTTATTAAACTTACATC-3′ and Rv 5′-CTCGAGTGATTGCGTGTGTGGTTAAC-3′ flanked with XhoI restriction site sequences and cloned into the XhoI site of the pXK3.1 mutated plasmid to generate pXK3.1-fiber-8miR148aT.

pAdeno-L5-8miR148aT was generated by homologous recombination of the pXK3.1-fiber-8miR148aT with the genome of the serotype 5 wild-type adenovirus (Ad-wt) in E. Coli BJ5183 cells (Stratagene, Wilmington, NC) as described in \[[@R26]\]. The pAdeno-L5-8miR148aT was transfected to HEK293 cells to obtain viral particles. All viruses were propagated in A549 cells and purified by cesium chloride banding. The concentration of physical viral particles (vp/mL) was determined by means of optical density and that of infectious particles (pfu/mL) by hexon immunostaining \[[@R27]\] in HEK293 cells. All viruses presented similar vp/pfu ratio.

Western blot analysis {#s4_3}
---------------------

Total protein extracts were obtained with lysis buffer (50 mM Tris-HCl pH 6.8, 2% SDS) containing 1% Complete Mini Protease Inhibitor (Roche Diagnostics GmbH, Basel, Switzerland). Protein concentration was determined by BCA Protein Assay Kit (Pierce-Thermo Fisher Scientific, Waltham, MA) and 35 μg of total protein was resolved by electrophoresis on 7.5% gels and transferred to nitrocellulose membranes by standard methods. Membranes were immunoblotted with a rabbit anti--Adenovirus-2/5 E1A polyclonal antibody (1:200; clone 13 S-5; Santa Cruz Biotechnology, Dallas, TX) or Adenovirus Fiber \[4D2\] antibody (1:200; GeneTex, San Antonio, TX) 1h at room temperature (RT). Then the blots were rinsed with TBS-T and incubated for 45 minutes at RT with either HRP-conjugated goat anti-rabbit IgG or rabbit anti-mouse IgG antibodies (DakoCytomation, Glostrup, Denmark). Antibody labeling was detected by the enhanced chemiluminescent method (Amersham Biosciences, Amersham, UK). Western blot expression data was normalized to GAPDH (1:10000; Millipore, Billerica, MA).

Viral progeny production {#s4_4}
------------------------

Total cell lysates from MIA PaCa-2 miR-SC/miR-148a and liver homogenates were obtained at 72 hours post-infection and progeny production was assessed by titration in HEK293 cells by hexon immunostaining. Viral progeny production from several passages was assessed in the supernatant of MIA PaCa-2 miR-SC/miR-148a cells infected with Ad-L5-8miR148aT, Ad-E1A-8miR148aT and Ad-wt. When the cytopathic effect was observed, supernatants were harvested and used to infect new wells of MIA PaCa-2 miR-SC/miR-148a cultures. This was performed for 7 passages and at each passage viral genome quantification was performed.

Viral genome quantification {#s4_5}
---------------------------

Viral DNA was obtained from supernatants, cellular extracts or frozen tissues using the UltraClean BloodSpin DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA) according to the manufacturer\'s instructions. Viral genomes were determined by Real-Time qPCR (100 ng of DNA) using SYBR Green I Master plus mix (Roche Diagnostics, Basel, Switzerland) and the hexon primer sequences: Fw 5′-GCCGCAGTGGTCTTACATGCACATC-3′ and Rv 5′-CAGCACGCCGCGGATGTCAAAG-3′. The adenovirus copy number was quantified with a standard curve, consisting of adenovirus DNA dilutions (10^2^-10^7^ copies) in a background of genomic DNA.

*In vitro* cell survival studies {#s4_6}
--------------------------------

Dose--response curves were constructed for MIA PaCa-2 miR-148a, MIA PaCa-2 miR-SC, PANC-1, MIA PaCa-2 and RWP-1. Cells were transduced with doses ranging from 0.001 vp/cell to 10000 vp/cell of Ad-wt, Ad-E1A-8miR148aT or Ad-L5-8miR148aT. Cell viability was measured by a colorimetric assay (MTT Ultrapure, USB Corporation, Cleveland, OH) 3 days post-infection.

cDNA synthesis and real-time quantitative PCR {#s4_7}
---------------------------------------------

RNA was obtained and isolated using miRNeasy Mini Kit (Qiagen, Venlo, The Netherlands). A total of one microgram was reverse transcribed using Moloney Murine Leukemia Virus reverse transcriptase and oligo(dT) (Ambion). One microliter of the reaction was used as a template for the qPCR amplification reaction (LightCycler 480SYBR Green I Master Mix, Roche) in a thermocycler (ViiA 7 Real-Time PCR system, Applied Biosystems). E1A: Fw 5′-CGGCCATTTCTTCGGTAATA-3′, and Rev 5′-CCTCCGGTGATAATGACAAG-3′. Hexon: Fw 5′-GTCTACTTCGTCTTCGTTGTC-3′, and Rv 5′-TGGCTTCCACGTACTTTG-3′. Fiber: Fw 5′-CTCCAACTGTGCCTTTTC-3′, and Rv 5′-GGCTCACAGTGGTTACATT-3′. Quantitative expression data were normalized to Gdx: Fw 5′-GGCAGCTGATCTCCAAAGTCCTGG-3′, and Rv 5′-AACGTTCGATGTCATCCAGTGTTA-3′.

Quantitative miRNA RT-PCR {#s4_8}
-------------------------

Total RNA was obtained from cell cultures or tissues using miRNeasy Mini RNA Extraction Kit (Qiagen). A total of 10 nanograms total RNA were reverse transcribed using a reverse transcriptase and stem-loop primers as indicated by the manufacturer (TaqMan MicroRNA Reverse Transcription Kit -- Applied Biosystems). One and a half microliters of the reaction was used as a template for the qPCR amplification reaction (TaqMan Universal Master Mix, No AmpErase UNG -- Applied Biosystems) in a thermocycler (ViiA 7 Real-Time PCR system). Quantitative miRNA RT-PCR expression data was normalized to small nucleolar RNA U6 expression (RNU6B). Stem-loop primers and qPCR probes were purchased from TaqMan MicroRNA assay (Applied Biosystems): RNU6B (AB ID: 001093), hsa-miR-148a (AB ID: 000470).

Toxicity analysis {#s4_9}
-----------------

Blood samples were collected by intracardiac puncture under anesthesia. Serum AST, ALT and total bilirubin were determined on an Olympus AU400 Analyzer (Olympus, Tokyo, Japan).

Mouse xenografts {#s4_10}
----------------

RWP-1 cells (2.5×10^6^), embedded in Matrigel 1:1 (BD Biosciences, San Jose, CA), were injected subcutaneously into each flank of male, 6-8-weeks-old, athymic nu/nu mice (Harlan, Sant Feliu de Codines, Spain). PDAC fragments of 10-15 mg from CP15 and CP13 patient-derived xenografts (PDX), patient specimens maintained as xenografts in the mouse pancreas \[[@R28], [@R29]\] were implanted in the subcutaneous tissue of 7-weeks-old, athymic nu/nu mice.

Viral treatment was administered at day 9-(RWP-1), 7-(CP13) and 15-(CP15) post implantation when tumors achieved a median volume of 170, 100 and 80 mm^3^ respectively. Tumors were measured at least three times a week and their volume was calculated by the formula V = larger diameter × (smaller diameter)^2^ × pi ÷ 6. At the end of the experiment tumor weight was calculated for CP13 and CP15 PDX. All animal procedures met the guidelines of European Community Directive 86/609/EEC, and approved by the local ethical committee.

Statistical analysis {#s4_11}
--------------------

Data are represented by the mean ± SEM, or population distribution with median and interquartile range (dot plot comparing grouped data). If not specified, statistical differences were evaluated using non-parametric, Mann-Whitney test; or using univariant general linear models with Tukey\'s b post-hoc test. For all statistical analysis, the level of significance was set as p\<0.05. The software used for statistical analysis was IBM SPSS Statistics 20 (IBM, Armonk, NY); data was represented using GraphPad Prism v5.0a (GraphPad Software, La Jolla, CA).

SUPPLEMENTARY MATERIAL FIGURE AND TABLES {#s5}
========================================
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